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ABSTRACT
Minor mergers play a crucial role in galaxy evolution. UGC 10214 (the “Tadpole Galaxy”) is a prime example of this process in which
a dwarf galaxy has interacted with a large spiral galaxy ∼250 Myr ago and produced a perturbed disk and a giant tidal tail. We use a
multiwavelength dataset, partly from new observations (Hα, HI, and CO) and partly from archival data, in order to study the present
and past star formation rate (SFR) and its relation to the gas and stellar mass at a spatial resolution down to 4 kpc. UGC 10214 is a very
massive (stellar mass M?= 1.28×1011 M) galaxy with a low gas fraction (Mgas/M?= 0.24), a high molecular gas fraction (MH2 /MHI=
0.4) and a modest SFR (2 – 5 M yr−1). The global SFR compared to its stellar mass places UGC 10214 on the galaxy main sequence
(MS). The comparison of the molecular gas mass and current SFR gives a molecular gas depletion time of about ∼ 2 Gyr (based
on Hα), comparable to those of normal spiral galaxies. Both from a comparison of the Hα emission, tracing the current SFR, and
far-ultraviolet (FUV) emission, tracing the recent SFR during the past tens of Myr, as well as from spectral energy distribution (SED)
fitting with CIGALE, we find that the SFR has increased by a factor of about 2 – 3 during the recent past. This increase is particularly
noticeable in the centre of the galaxy where a pronounced peak of the Hα emission is visible. A pixel-to-pixel comparison of the
SFR, molecular gas mass and stellar mass shows that the central region has had a depressed FUV-traced SFR, both compared to the
molecular gas and the stellar mass, whereas the Hα-traced SFR shows a normal level. The atomic and molecular gas distribution is
asymmetric, but the position-velocity diagram along the major axis shows a pattern of regular rotation. We conclude that the minor
merger has most likely caused variations in the SFR in the past resulting in a moderate increase of the SFR, but it has not perturbed
the gas significantly so that the molecular depletion time remains normal.
Key words. galaxy: interactions – ISM: molecules – galaxy: evolution – galaxies: ISM – galaxies: star formation – galaxies:
individual: UGC 10214
1. Introduction
The question of how galaxies, in particular their star formation
(SF) activity, evolve along cosmic time and how they build up
their stellar mass, M?, has been the centre of numerous studies
in the recent literature. Data from large galaxy surveys have es-
tablished a relation between the star formation rate (SFR) and
stellar mass of galaxies (e.g. Brinchmann et al. 2004) which
holds out to high redshift, albeit with a different normalisation
(e.g. Noeske et al. 2007). This relation shows a bimodality be-
tween active star-forming galaxies (“blue cloud”) and quiescent
galaxies (“red sequence”) with a smaller galaxy density in the
intermediate, possibly transitioning region (“green valley”). The
relation between the SFR and M? of the star-forming galaxies
is also referred to as the main sequence (MS) of galaxies and
? NSF Astronomy and Astrophysics Postdoctoral Fellow
can be taken as the “norm” whereas galaxies above and below
have an excess or deficiency of SF for their stellar mass. It is
still an open question how galaxies evolve along and across the
MS and what processes are mainly responsible for their transi-
tion towards the red sequence. Various processes have been sug-
gested, including gravitational interaction (see below), the pres-
ence of an active galactic nucleus (AGN, e.g. Ellison et al. 2016;
Argudo-Fernández et al. 2016) and gas consumption or pertur-
bation (e.g. Saintonge et al. 2016; Lisenfeld et al. 2017).
Gravitational interaction is an important process for the evo-
lution of galaxies in clusters (Dressler 1980; Moore et al. 1996),
groups (Hickson et al. 1992; Lisenfeld et al. 2017), triplets (Du-
plancic et al. 2015; Argudo-Fernández et al. 2015) and pairs (El-
lison et al. 2010; Argudo-Fernández et al. 2015). Galaxies with
nearby companions have shown alterations in their morpholo-
gies, star formation rates (SFRs) and gas reservoirs. In the most
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extreme cases, two or more galaxies may collide and their evo-
lution may be severely altered through galaxy mergers. Major
mergers between two similar mass galaxies may result in the
formation of a single, massive elliptical galaxy (Toomre 1977;
Schweizer 1982; Bell et al. 2006). Although less dramatic, mi-
nor mergers between unequal mass galaxies (mass ratio . 0.3,
Bournaud et al. 2005) might also greatly affect the evolution of
both galaxies, in some cases leading to the formation of tidal tails
and tidal dwarf galaxies (Bournaud & Duc 2006; Kaviraj et al.
2012). The way in which two galaxies collide will determine the
particular outcome of the remnant. To reach an insight of the
consequences of a peculiar collision, the study of specific minor
mergers, as an example of a simple collision scene, is necessary.
The Tadpole Galaxy (UGC 10214, VV 29, or Arp 188) is a
massive galaxy which has experienced a minor merger (where
the remnant of the intruder galaxy represents less than 10% of
the Tadpole’s gas mass, see Sect. 4) several hundreds of Myr
ago. The encounter has distorted the Tadpole’s disk and caused
gas to be ejected in a long (∼110 kpc) tidal tail. Briggs et al.
(2001) studied the atomic hydrogen (HI) gas distribution and
kinematics of the system and identified three main dynamical
components: VV 29a, which corresponds to the Tadpole’s disk,
VV 29b, the tidal tail, and VV 29c, the dwarf galaxy. Tran et al.
(2003) and de Grijs et al. (2003) analysed images taken with the
ACS/HST and found a large number of young star cluster in the
tail and the disk. The ages of these clusters, which range from
less than 10 Myr to 150 – 200 Myr, are younger than their esti-
mate of the dynamical age of the interaction of ∼250 Myr, based
on the length of the tail and expected ejection velocity of the gas
(close to rotation velocity of 400 km s−1). Jarrett et al. (2006) ex-
amined the star formation (SF) in UGC 10214 using optical and
infrared imaging. They reveal several infrared-bright hot spots in
the spiral arms and little SF in the central region. They measured
a global SFR of 2 to 4 M yr−1.
These previous studies have shown that the Tadpole Galaxy
is an excellent object to investigate the effect of a minor inter-
action on the interstellar medium (ISM) and the SF in the host
galaxy. However, so far, data for the molecular gas as a crucial
ingredient for SF, as well as multiwavelength data allowing an
analysis of the star formation history in this object have been
missing. In order to fill this gap, we carry out a multiwavelength
analysis of UGC 10214, including a large set of archival images
from ultraviolet (UV) to submillimeter wavelengths, new HI data
at a higher spatial resolution than previous data (Briggs et al.
2001), new CO data tracing the molecular gas, and an Hα image
that shows the distribution of the current SF. The main goal of
this paper is to better understand the present and past SF and its
relation to the neutral (atomic and molecular) gas in this galaxy
that has suffered a minor interaction ∼250 Myr ago in order to
evaluate the impact of this event on the evolution of the galaxy.
This paper is organised as follows. In Section 2, we present
the complete set of data used in our study. Section 3 gives a
description of the three methods employed in our study: aper-
ture photometry of the disk of the galaxy as a whole and di-
vided in three different regions; a spectral energy distribution
(SED) modelling using Code Investigating GALaxy Emission
(CIGALE), and a pixel-by-pixel analysis of the three regions de-
fined for the aperture photometry. Section 4 presents the results
of the distribution and kinematics of the atomic and molecular
gas and of the SFR and the stellar mass. Additionally, we study
the relation between these quantities, both on a global and on a
spatially resolved scale. In Section 5 we discuss the results of
the previous section, trying to reconstruct the star formation his-
tory of UGC 10214 and discuss its future evolution. Finally, we
present a brief summary and our conclusions in Section 6. We
adopt a distance of 134.2 ± 9.4 Mpc (Mould et al. 2000) for this
galaxy.
2. Data
An ample set of data is available to study UGC 10214, covering
a broad wavelength range from the ultraviolet (UV) to the radio.
Part of the data (observations of Hα, CO, and HI) are from our
own observations and the rest are from public archives. In this
section we describe the data and, when adequate, their reduction.
In Table 1 we present a summary of the available data and in
Fig. 1 we show a selection of the images used.
2.1. Ultraviolet
To study the continuum UV emission from the young stars of
the Tadpole Galaxy we use data from the GALaxy Evolution
eXplorer mission GALEX. GALEX is a space telescope provid-
ing images in two different ultraviolet bands: FUV, covering the
wavelength range from 1350 Å to 1750 Å, and NUV, covering
the range from 1750 Å to 2750 Å (Martin et al. 2005).
UGC 10214 was observed in the Deep Imaging Survey (DIS)
in both bands. We retrieve the calibrated maps from the archive
and subtract the background using the corresponding maps from
the archive. We adopt a calibration error of 10% for both images
(Morrissey et al. 2007).
2.2. Optical
2.2.1. Sloan
We retrieve images of UGC 10214 from Sloan Digital Sky Sur-
vey (SDSS) (York et al. 2000) in the u’, g’, r’, i’, and z’ bands
from the SDSS 9th Data Release (July 2012). We adopt a cali-
bration error of 1% for the g’, r’, i’, and z’ bands, and 2% for the
u’ band (Padmanabhan et al. 2008).
2.2.2. Hα
The study of the ionised gas is performed using the narrow band
Hα image from Knierman et al. (in prep.). Observations to ob-
tain Hα images were taken with the Loral 2K CCD imager at the
Lennon 1.8m Vatican Advanced Technology Telescope (VATT)
on Mount Graham, Arizona on May 22, 2004. This imager has
a 6′.4 field of view with 0′′.42 per pixel. Narrow-band Hα images
were obtained at the VATT with an 88 mm Andover 3-cavity in-
terference filter centered at 6780 Å. Integration time for each of
the six Hα images is 1200 s. To subtract continuum emission,
this field was also observed with a Kron-Cousins R filter using
integration times of 3×300 s. Images were reduced using stan-
dard IRAF1 tasks.
To create images with only the emission lines, a scaled R
band image was subtracted from the narrowband image after
alignment using foreground stars. To determine an initial scal-
ing factor, the ratio of integration time for individual frames
(1200s/300s = 4) is multiplied by the ratio of filter widths
(81Å/1186.35Å = 0.068). This initial scaling factor then equals
1 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in As-
tronomy, Inc., under cooperative agreement with the National Science
Foundation.
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Fig. 1: A representative selection of the images used in our study, together with the apertures used for the three regions (the polygonal
shapes) and the disk (the elliptical shape). The elliptical apertures are selected in order to ensure the full coverage of the emission of
the whole disk. The apertures for the regions in the disk cover three different star-forming regions observed in Hα and UV images.
The field of view of each image is 170′′×176′′. The CARMA and VLA maps shows the velocity integrated intensities. The white
ellipse (lower left corner) in the CARMA and VLA images represents the beam size for each image.
0.272. We next determine the scaling factor by performing pho-
tometry of non-saturated stars in the Hα and R band images. By
plotting the instrumental flux of both filters against each other,
we determine a linear fit of f(Hαinst) = 0.256 × f(Rinst) + 185.79
with a correlation coefficient of r = 0.9965. The slope of this
fit gives the appropriate scaling factor between the R and Hα
images which we adopt.
For calibration of the Hα flux, spectrophotometric standard
stars from the Oke (1990) catalog were observed. Aperture pho-
tometry of these standards was compared to their absolute mag-
nitudes. Absolute magnitudes for each spectrophotometric stan-
dard star were calculated by integrating their spectral energy dis-
tribution over the filter response function. We used a standard
atmospheric extinction coefficient of 0.08 mag airmass−1. Zero-
points were calculated by comparing the absolute magnitude in
each filter with the instrumental magnitude from aperture pho-
tometry. For each night, the zeropoints from all standards (in
this case, 4) were averaged. These zeropoints had a standard de-
viation of 0.016 mag.
Finally, we removed the contamination from the [NII] dou-
blet at 6548,6583 Å in the Hα filter, adopting a ratio of [NII]/Hα
= 0.094 (from Tran et al. 2003) .
2.3. Infrared
2.3.1. Spitzer
To carry out the study of the galaxy in the near and mid-infrared
we use a set of images obtained by the Spitzer Space Telescope,
consisting of images at 3.6 µm, 4.5 µm, 5.8 µm, and 8.0 µm taken
by IRAC (Infrared Array Camera, Fazio et al. 2004), as well as
an image at 24 µm from MIPS (Multiband Imaging Photome-
ter, Rieke et al. 2004) (project ID: 185, IP C. Londsdale). No
other images from MIPS were available. The images were re-
duced with the Super-Moscaic Pipeline and no further data re-
duction was necessary. The 3.6 µm and 4.5 µm images mainly
provide information about the emission of the oldest star pop-
ulation of the galaxy, the 5.8 µm and 8.0 µm images about the
emission from the polycyclic aromatic hydrocarbons (PAH) and
the 24 µm image about the emission from the hot dust. For all
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Table 1: Summary of the images and data used in this study.
Telescope Instrument/ λ0 (µm) FWHM 4cal rms noise
filter/line or ν0 (GHz) (%) of images
GALEX FUV 0.154 µm 3′′.82 10 2.4 × 10−5 mJy
GALEX NUV 0.232 µm 5′′.40 10 5 × 10−5 mJy
Sloan u’ 0.359 µm 1′′.68 2 3 × 10−4 mJy
Sloan g’ 0.481 µm 1′′.70 1 1.1 × 10−3 mJy
Sloan r’ 0.623 µm 1′′.31 1 1.6 × 10−3 mJy
Sloan i’ 0.764 µm 1′′.24 1 2.3 × 10−3 mJy
Sloan z’ 0.906 µm 1′′.32 1 2.5 × 10−3 mJy
VATT Hα 0.677 µm 0′′.80 3 5 × 10−17 erg cm−2s−1
Spitzer IRAC 3.58 µm 2′′.16 10 1.8 × 10−3 mJy
Spitzer IRAC 4.52 µm 2′′.14 10 1.2 × 10−3 mJy
Spitzer IRAC 5.72 µm 1′′.83 10 2.4 × 10−3 mJy
Spitzer IRAC 7.90 µm 2′′.13 10 1.4 × 10−3 mJy
Spitzer MIPS 23.7 µm 6′′.01 10 6 × 10−3 mJy
Herschel SPIRE 250 µm 19′′.05 15 0.6 mJy
Herschel SPIRE 350 µm 27′′.18 15 0.7 mJy
Herschel SPIRE 500 µm 45′′.21 15 0.7 mJy
CARMA CO(1-0) 111.8 GHz 6′′.2 × 7′′.3 10 2 mJy beam−1
IRAM 30m CO(1-0) 111.8 GHz 22′′ 15 –
IRAM 30m CO(2-1) 223.6 GHz 11′′ 25 –
VLA HI 1.45 GHz 13′′ − 16′′ 3 0.09 − 0.10 mJy beam−1
these images we adopt a calibration error of 10% (Fazio et al.
2004 for IRAC and Rieke et al. 2004 for MIPS).
2.3.2. Herschel
To further study the dust emission of the Tadpole Galaxy we
use images obtained by the Spectral and Photometric Imag-
ing Receiver (SPIRE, Griffin et al. 2010) aboard the Herschel
Space Telescope. Images at all three SPIRE bands (250 µm,
350 µm, and 500 µm) are available in the Herschel archive.
The data were observed in SpirePacsParallel mode (project ID:
KPGT_soliver_1). The PACS images are not useful because
UGC 10124 is too close to the image edge. We retrieve the
SPIRE level-3 products which are mosaics obtained by merg-
ing all or a subset of contiguous observations. No further data
reduction was necessary. Following the instrument handbook2,
we adopt a calibration error of 15%.
2.4. Millimetre data
We carry out two complementary sets of CO observations.
The disk of UGC 10214 was observed with the interferome-
ter CARMA (Combined Array for Research in Millimeter-wave
Astronomy), at a spatial resolution of ∼7′′ and a velocity res-
olution of 81 km s−1. In addition, a fully sampled map was
obtained with the 30 m telescope at Pico Veleta of the Insti-
tut de Radioastronomie Milimétrique (IRAM). This map has a
coarse spatial resolution (22′′), but a narrower velocity resolu-
tion (∼2.5 km s−1). The velocities of both data sets are adapted
to the definition of the VLA data (optical convention for the
transformation of frequency to velocity and heliocentric refer-
ence system).
2 http://herschel.esac.esa.int/Docs/SPIRE/spire_handbook.pdf
2.4.1. CARMA
We observed the Tadpole galaxy in the 12CO(1-0) 115 GHz tran-
sition with the Combined Array for Research in Millimeter-wave
Astronomy (CARMA) in a 9-pointing mosaic that covered its
head and tail structure (Project code c0269). CARMA was a het-
erogeneous array that consisted of 6 antennas with 10.4 m diam-
eter and 9 antennas with 6.1 m diameter. We obtained data in the
D and E-antenna configurations, covering baselines between 8
and 150 m. Twelve D-configuration tracks were taken between
2008 July 20 and 2008 August 29 and nine E-configuration
tracks between 2008 September 18 and 2008 October 5, with
on-source time variations between 1 and 5 h.
The correlation was set up to cover 468.75 MHz spread over
15 channels, 31.25 MHz wide, using Doppler corrections for
the Tadpole with a redshift of z = 0.031358 relative to the
rest frequency of the CO line at 115.27120 GHz. This corre-
sponds to 81.27 km s−1 wide channels over a total bandwidth of
1219 km s−1.
All data reduction was performed with the MIRIAD pack-
age3 (Sault et al. 1995). The data were edited and calibrated
using sources 0927+390 or 3C273 for bandpass (15 min on
source), 1638+573 for complex gain/phase (with cycles of
20 min on the Tadpole galaxy and 2.5 min on the calibrator),
and Mars (5 min) for flux calibration respectively. All data were
combined to produce final, mosaicked image cubes using natu-
ral weighting and joint deconvolution with a synthesized beam
of 7′′.28 × 6′′.23; PA = 67.1◦. The rms noise in the field of view
that is covered by all antenna primary beams of the heteroge-
neous array amounts to 2 mJy. We adopt a calibration error of
10%.
We calculate the mass of the molecular gas from the
CARMA CO fluxes as:
3 http://www.atnf.csiro.au/computing/software/miriad/
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(
MH2
M
)
= 1.05 · 104 ·
(
S
Jy · kms−1
)
·
(
D
Mpc
)2
, (1)
from Bolatto et al. (2013), for the redshift of Tadpole, z =
0.0313. This expression is based on a conversion factor of XCO =
2× 1020 cm−2/(K km s−2) and includes a helium fraction of 1.36.
2.4.2. IRAM 30m
We observed the CO(1–0) and CO(2–1) lines at their redshifted
frequencies (111.8 GHz and 223.6 GHz, respectively) between
August and October 2005 with the IRAM 30 m telescope on Pico
Veleta at 8 position, offset by 9′′ and covering the entire disk of
UGC 10214. The map is fully sampled for CO(1–0) but under-
sampled for CO(2–1). Dual polarisation receivers were used at
both frequencies with the 512×1 MHz filterbanks on the CO(1–
0) line and the 256×4 MHz filterbanks on the CO(2–1). The ob-
servations were done in wobbler switching mode with a wobbler
throw of 200′′ in azimuthal direction. Pointing was monitored
on nearby quasars every 60–90 minutes. During the observa-
tion period, the weather conditions were generally good (with
pointing better than 4′′). The average system temperatures were
∼200 K at 115 GHz and ∼420 K at 230 GHz on the T?A scale. At
111.8 GHz (223.6 GHz), the IRAM forward efficiency, Feff , was
0.95 (0.90), the beam efficiency, Beff , was 0.75 (0.54), and the
half-power beam size is 22′′ (11′′). All CO spectra are presented
on the main beam temperature scale (Tmb) which is defined as
Tmb = (Feff/Beff) × T?A .
The data were reduced in the standard way via the CLASS
software in the GILDAS package4. We first discarded poor scans
and then subtracted a constant or linear baseline. We then aver-
aged the spectra over the individual positions.
For each spectrum, we visually determine the zero-level line
widths, if detected. The velocity integrated spectra is calculated
by summing the individual channels in between these limits. All
positions in CO(1–0) are detected. For CO(2–1), two positions
are not detected and we obtained the upper limit as
ICO < 3 × rms ×
√
δV ∆V , (2)
where δV is the channel width and ∆V the total line width for
which we adopt the same value as for the detected CO(1–0) line
at this position. In addition to the statistical error of the velocity
integrated line intensities, a typical calibration error of 15% for
CO(1-0) and 25% for CO(2-1) has to be taken into account.
In Fig. 2, we show the positions observed by the IRAM 30 m
telescope, overlaid over the CO map of CARMA, together with
the CO(1–0) and CO(2–1) spectra. In Table 2 the velocity inte-
grated intensities for the various positions are listed.
We calculate the molecular gas mass for the IRAM data from
the CO(1-0) velocity integrated emission using the same value
for XCO = N(H2)/ICO(1−0) = 2× 1020 cm−2/(K km s−1) as for the
CARMA data and also including a helium fraction of 1.36.
MH2 = 1.36 · ICO(1−0)
N(H2)
ICO(1−0)
D2 ·Ω · 2mH , (3)(
MH2
M
)
= 102 · 105
(
Ω
arcsec2
) (
ICO(1−0)
K · kms−1
) (
D
Mpc
)2
. (4)
4 http://www.iram.fr/IRAMFR/GILDAS
Fig. 2: Upper panel: CO(1-0) (black, full line) and CO(2-1) (red,
dashed line) spectra observed with the IRAM 30m telescope.
Only detected spectra are shown. Lower panel: The observed po-
sitions are indicated on a CARMA CO(1-0) map.
Here, Ω is the area covered by the observations (i.e. for a
single pointing with a Gaussian beam Ω = 1.13 θ2 where θ is the
half-power beam width, HPBW), D is the distance and 2mH is
the mass of an H2 molecule.
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Table 2: CO(1-0) and CO(2-1) velocity integrated intensities
from IRAM, and comparison to CARMA data.
Position ICO10a ICO21a
MH2 , CARMA
MH2 , IRAM
b
(K km s−1) (K km s−1)
1 1.5 ± 0.2 < 1.1 1.3 ± 0.3
2 2.9 ± 0.2 2.9 ± 0.5 0.8 ± 0.2
3 2.4 ± 0.3 1.9 ± 0.4 0.9 ± 0.2
4 2.0 ± 0.2 1.4 ± 0.3 1.0 ± 0.2
5 3.7 ± 0.3 < 2.1 0.4 ± 0.1
6 2.4 ± 0.2 2.1 ± 0.3 0.7 ± 0.2
7 2.0 ± 0.2 2.4 ± 0.5 0.7 ± 0.1
8 2.7 ± 0.3 3.00 ± 0.45 0.7 ± 0.1
Notes. (a) Velocity integrated CO(1-0) and CO(2-1) intensities observed
at the positions labelled in Fig. 2 (in TmB). (b) Flux ratio between
CARMA and IRAM at the individual position, derived as explained in
Sect. 4.1.3.
2.5. Radio (HI Data)
The VLA observations were conducted on 2004 March 1 with
25 available antennas in the C-array configuration (maximum
baseline of 3.4 km). At 21 cm this provides angular resolutions
(FWHM of the synthesised beam) of ∼13′′ – 16′′ (depending on
weighting, see below), which represents a factor of 2 – 3 linear
improvement over the 36′′ × 26′′ resolution of the Westerbork
Radio Synthesis Telescope (WSRT) HI observations of Briggs
et al. (2001). The correlator setup was chosen considering the
HI observations of Briggs et al. (2001), which showed the entire
HI emission in UGC 10214 to span a total of 900 km s−1 (ve-
locities5 from 8950 – 9850 km s−1). At that time, the VLA cor-
relator modes could either cover a wide velocity range at very
low spectral resolution, or a narrower velocity range at higher
spectral resolution. As a compromise we elected to use the 4IF
mode, which allowed us to use different bandwidth codes for
each IF pair. Both IF pairs were tuned to a central frequency
corresponding to the peak tail emission (9420 km s−1). The first
IF pair used bandwidth code 5 to provide 63 channels across a
1.56 MHz bandwidth (velocity coverage ∼9250 – 9590 km s−1
with a channel spacing of 5.5 km s−1). These data will be re-
ferred to as the narrowband data. The second IF pair used band-
width code 3 to provide 15 channels across a 6.25 MHz band-
width (velocity coverage ∼8806 – 10034 km s−1 with a channel
spacing of 88 km s−1). These data will be referred to as the wide-
band data. The narrowband data provides higher velocity reso-
lution to resolve the kinematics of the tidal gas (measured ve-
locity dispersion of 17 km s−1 from Briggs et al. 2001), but will
not measure the full extent of the disk gas or intruding dwarf
galaxy (VV 29c), while the wideband data provides sufficient
bandwidth to measure all HI associated with the system with
line-free channels on either end, but at a very coarse velocity
resolution.In the present paper we only use the wideband data of
the disk of UGC 10214. The wide- and narrowband data of the
tidal tail will be presented and analysed in Knierman et al. (in
prep.).
The flux calibrator 3C286 (1331+305) was observed during
15 min at the start of the observation, followed by pairs of obser-
vations on the phase calibrator (1634+627, 10 min per visit) and
UGC 10214 (45 min per visit). This phase calibrator was bright
5 Throughout this paper we use heliocentric velocities and the optical
convention to transform frequency shifts to velocity.
Fig. 3: Position-velocity diagram of the HI in UGC 10214 (in-
clined feature towards the east) and VV 29c (compact feature at
∼ 9750 km s−1), taken along the major axis of UGC 10214, with
a slice width of 8′′ and a position angle of 80 degrees. Negative
offsets are to the east and positive offsets to the west.
enough at 21 cm (5 Jy) to be also used as the bandpass calibrator.
The total observation spanned 9 hours, with 6.5 hours on-source.
The data were reduced using the Astronomical Image Pro-
cessing System (AIPS). Continuum subtraction was done based
on the line-free channels using the AIPS task UVLIN. This is
a visibility-domain technique that removes a linear fit to the
line-free channels from each visibility. The data were imaged
with various “robust” weighting factors (Briggs 1995) yielding
FWHM beam sizes between ∼13′′ – 16′′ and rms noises be-
tween 0.09 and 0.10 mJy beam−1. The resulting images are 3-
dimensional cubes of HI intensity (in Jy beam−1) as a function of
R.A. and Dec; and velocity. In the present work we use the data
cube with a “robust” weighting factor of +1, which provides the
coarsest spatial resolution (15′′.5×16′′.0) but reflects most reliably
the total flux and has a higher signal-to-noise ratio. We inspected
the robust -1 map with a higher resolution (12′′.6×12′′.9) for the
presence of new features not visible in the robust +1 map but did
not find any.
These data include both the emission from UGC 10214 and
from the background dwarf galaxy VV 29c. The velocities of
the HI emission from VV 29c are offset from the velocities of
UGC 10214 at this position, so that both objects can be clearly
distinguished in a position-velocity diagram (Fig. 3). We sepa-
rated the emission from UGC 10214 and VV 29c into individ-
ual data cubes by masking the channels with velocities between
9630 and 9800 km s−1 that were in the area of VV 29c (R.A. be-
tween 16:05:3.9 and 16:05:58.3 and Dec between 55:25:00 and
55:25:52). The resulting data cube represents the HI emission
from UGC 10214 alone. The emission that was masked out in
the first step provides the emission of VV 29c.
We derive the total flux for UGC 10214 and VV 29c by sum-
ming up all channels from the corresponding data cube over the
entire region of each galaxy. The resulting spectrum is then inte-
grated over velocity in the range where the line is visible (8850
– 9800 km s−1 for UGC 10214 and 9630 and 9800 km s−1 for
VV 29c). The error is calculated by the quadratic sum of the er-
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ror due to the per-channel rms noise and of the calibration error
of ∼ 3%6.
We calculate the atomic gas mass from the total flux, SHI, as:
(
MHI
M
)
= 1.36 · 2.36 · 105 ·
(
SHI
Jy · kms−1
)
·
(
D
Mpc
)2
, (5)
where the factor 2.36 is the standard value to calculate the
atomic gas mass (e.g., Roberts & Haynes 1994; Rohlfs & Wil-
son 1996) and the factor 1.36 takes into account the contribution
from helium in order to be consistent with the molecular gas
mass calculation.
3. Methodology
3.1. Aperture photometry
Before carrying out the aperture photometry we set all the im-
ages, except the SPIRE images and the radio data, to the same
spatial resolution and pixel size. We choose the resolution (6′′,
corresponding to 4 kpc at the distance of UGC 10214) and the
pixel size (2′′.45) of the MIPS 24 µm image as reference. We con-
vert the other images to the MIPS 24 µm point-spread-function
using the set of kernels provided by Aniano et al. (2011)7. Then
we regrid the images to the MIPS 24 µm pixel size using the
IRAF task wregister, and match at the same time the field of
view and orientation. The SPIRE images and the VLA radio data
have a coarser resolution than the MIPS 24 µm map. We there-
fore exclude these images from any spatially resolved analysis
and only measure the total fluxes. The CO CARMA map has a
spatial resolution (6′′.23 × 7′′.23), which is slightly larger than
that of the MIPS 24 µm map. We neglect this small difference
and use the regridded (but unconvolved) CO map for our analy-
sis.
We carry out aperture photometry within an ellipse encom-
passing the entire galaxy disk at all wavelengths in order to ob-
tain the total fluxes. For most images, except Hα and CARMA,
this ellipse has a major semi-axis of 80′′and a minor semi-axis of
55′′. The size was chosen to be large enough to cover the com-
plete emission of the disk at all wavelengths. For Hα, we use
a smaller aperture (52′′.5 × 32′′.0) which includes the entire Hα
emission but is small enough to avoid a region to the west with
some weak artefacts.
In addition, we perform aperture photometry for three re-
gions in the disk, characterised by different star formation prop-
erties (see Fig. 1 for the contour of the apertures) for their com-
parison. We separate the regions based on the distribution of
FUV and Hα emissions: regions 1 and 3 contain the maxima
in the FUV, but only weak Hα emission, whereas region 2 in
the centre shows the opposite behaviour (the SPIRE and VLA
data were excluded from this analysis). The total area covered
by the 3 regions is smaller than the elliptical aperture used for
the measurement of the emission of the entire disk.
We apply, following the IRAC handbook, aperture correc-
tion factors to the Spitzer IRAC images, with the values of 0.92,
0.94, 0.80 and 0.77 for the IRAC bands 1 to 4 band for the entire
galaxies and 0.93, 0.95, 0.85 and 0.80 for the IRAC bands 1 to 4
band for the smaller subregions.
All fluxes are corrected for Galactic extinction adopting AV
= 0.025 mag from the Nasa Extragalactic Database which was
6 https://science.nrao.edu/facilities/vla/docs/manuals/oss2013A
/performance/cal-fluxscale
7 http://www.astro.princeton.edu/∼ganiano/Kernels.html
calculated following the recalibration of Schlafly & Finkbeiner
(2011) of the Schlegel et al. (1998) dust maps. The recalibra-
tion to other wavelengths was done following the Cardelli et al.
(1989) extinction law8.
The photometry is performed using different options of the
Python’s Astropy package9. In particular, we use the affiliated
package Photutils10 to carry out the photometry with the ellip-
tical apertures. For the photometry of regions 1–3, we define
irregular polygonal masks with the package Astropy for each
region and determine the total fluxes within the mask using the
NumPy package (van der Walt et al. 2011). The background is
measured using the median value of the pixels surrounding the
galaxy disk which are not covered by the polygonal masks. The
resulting fluxes are listed in Table 3. The errors for the optical
and infrared images are determined using the following expres-
sion:
∆F =
√
F2
∆K2
K2
+ σ2NA + σ2
N2A
NS
, (6)
where K and ∆K are the calibration for each image and its
error, F is the flux measured within the aperture, σ is the root-
mean-square noise within the background aperture, and NA and
NS are the numbers of pixels in the galaxy aperture and in the
aperture used to measure the background emission, respectively.
The first term of the sum gives the error associated to the instru-
ment’s calibration, the second is the error related to the aperture
employed, and the third term is the error due to the background
subtraction in each image.
The error for the photometry done with the CARMA image,
for which the background is zero, and with the FUV map, which
is already background-subtracted, was derived from the first two
terms in the quadratic sum only.
3.2. SED modelling with CIGALE
The SED modelling is carried out with CIGALE (Noll et al.
2009, Boquien et al., in press). CIGALE is based on an energy
balance approach, the energy absorbed by dust at short wave-
lengths is re-emitted self-consistently. The physical properties
and the uncertainties are estimated from the likelihood-weighted
means and standard deviations over a grid of models.
The code is highly modular to allow for a flexible model-
ing. In the present case the star formation history is modeled
through two decaying exponentials, the first one modeling the
long term star formation and the second one the latest episode of
star formation. Each exponential has an independent age (t1 and
t2) and timescale (τ1 and τ2), and are linked through the burst
fraction f , giving the total fraction of stars formed in the sec-
ond exponential relative to the total mass of stars ever formed.
The stellar emission is computed using the model by Bruzual
& Charlot (2003). The nebular emission, which includes recom-
bination lines as well as continuum originating from free–free,
free–bound, and 2–photon emission is based on the number of
ionising photons11 and templates improved from Inoue (2011)
computed from CLOUDY 08.00 (Ferland et al. 1998). The atten-
uation is based on a power-law modified starburst curve (Calzetti
8 We used the absorption law calculator by Dough Welch on
http://www.dougwelch.org/Acurve.html
9 Astropy Collaboration et al. 2013, The Astropy Collaboration et al.
2018.
10 Bradley et al. 2017.
11 It is assumed that all ionising photons ionise the gas.
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Table 3: Fluxes for the total disk and the three disk regionsb .
Telescope/Instrument Unit Total Flux Reg 1 Flux Reg 2 Flux Reg 3
Band
GALEX FUV mJy 0.29 ± 0.03 0.073 ± 0.007 0.072 ± 0.007 0.098 ± 0.010
GALEX NUV mJy 0.53 ± 0.05 0.13 ± 0.01 0.13 ± 0.01 0.17 ± 0.02
Sloan u’ mJy 1.57 ± 0.04 0.44 ± 0.01 0.54 ± 0.01 0.52 ± 0.01
Sloan g’ mJy 7.10 ± 0.08 1.93 ± 0.03 2.71 ± 0.03 1.99 ± 0.03
Sloan r’ mJy 13.63 ± 0.15 3.60 ± 0.05 5.81 ± 0.06 3.45 ± 0.04
Sloan i’ mJy 19.2 ± 0.2 5.01 ± 0.06 8.66 ± 0.09 4.67 ± 0.06
Sloan z’ mJy 24.22 ± 0.25 f 6.23 ± 0.07 11.6 ± 0.1 5.78 ± 0.07
VATT Hα 10−14 erg cm−2 s−1 35.8 ± 1.1 8.2 ± 0.3 15.0 ± 0.5 10.9 ± 0.3
IRAC 3.6 mJy 18.9 ± 1.9 4.7 ± 0.5 9.5 ± 0.9 4.1 ± 0.4
IRAC 4.5 mJy 12.2 ± 1.2 3.1 ± 0.3 6.0 ± 0.6 2.8 ± 0.3
IRAC 5.8 mJy 14.4 ± 1.4 4.3 ± 0.4 6.8 ± 0.7 4.4 ± 0.4
IRAC 8.0 mJy 26.3 ± 2.6 8.2 ± 0.8 10.0 ± 1.0 9.3 ± 0.9
MIPS 24 mJy 23.9 ± 2.4 6.5 ± 0.7 7.3 ± 0.7 9.1 ± 0.9
SPIRE 250 mJy 940 ± 170 - - -
SPIRE 350 mJy 450 ± 100 - - -
SPIRE 500 mJy 156 ± 40 - - -
CARMA CO Jy km s−1 32 ± 3 10 ± 1 13 ± 1 9 ± 1
VLA HI Jy km s−1 3.8±0.1 - - -
Notes. (a) The apertures used for the regions are described in Sect. 3.1 and shown in Fig. 1.
Table 4: Modeled values (see text) of the different parameters used for the SED modelling with CIGALE.
Parametersa Range of modelled values Best-fit valuesb
Age of the main population; t1 12 Gyr 12 Gyr
Age of the last episode of star formation; t2 10 – 1000 Myr 11 ± 20 Myr
Timescale of the main population; τ1 2 – 10 Gyr 2.20 ± 0.06 Gyr
Timescale of the last episode of star formation; τ2 10 – 1000 Myr 310 ± 340 Myr
Burst fraction; log f −4 to −1 −3.7 ± −3.8
IMF Chabrier Chabrier
Metallicity; Z 0.02, 0.05 0.02
Ionisation parameter; log U −3 −3
Reddening of populations younger than 10 Myr; E(B − V)young 0.05 – 0.70 mag 0.18 ± 0.03
Relative reddening of populations older than 10 Myr; E(B − V)old factor 0.25 – 0.75 0.05 ± 0.01
UV bump amplitude 0.0, 1.5, 3.0 0
Incident dust radiation field intensity powerlaw distribution; α 1.0 – 4.0 3.0
Notes. (a) See text (Sect. 3.2) for a detailed explanation of the parameters. (b) Best-fit values derived from the total fluxes from Table 3. The results
for the individual regions are similar.
et al. 2000), allowing for a differential reddening between stars
older and younger than 10 Myr and with an optional UV bump
at 217.5 nm. Finally, dust emission is modeled using the Dale
et al. (2014) templates. In the unique case of determining the
dust mass we only fitted infrared data with the dust templates
used by Draine et al. (2014). This yields a total of 20 003 760
models.
The run is based on a pre-release of version 0.12 modified to
fit the Hα emission in addition to broadband fluxes.
The range of the modeled values used for the different pa-
rameters as well as the best-fit parameters for the total galaxy
are listed in Table 4 (the best-fit values for the individual region
are very similar). The beginning of the long term star forma-
tion (parameter t1) was fixed to a reasonable value of 12 Gyr
in order to reduce the number of free parameters. The metallic-
ities were tested for two values (roughly solar and super-solar)
that are plausible for this high mass galaxy and for which stellar
emission models were available from Bruzual & Charlot (2003).
No satisfactory fit was achieved with the super-solar metallicity.
The best-fit results for the last episode of SF give a time-scale of
several 100 Myr and an age of several 10 Myr. The stellar mass
fraction formed in this last episode is small (0.02%) which is not
surprising given the large stellar mass of UGC 10214. Table 5
gives the SFRs averaged over 10 and 100 Myr and the stellar
masses for the total disk and the individual regions, as well as
the total dust masses which will be discussed in more detail in
Sect. 4. The best-fit SED for the total galaxy is shown in Fig. 4.
3.3. Pixel-by-pixel analysis
Apart from analysing the integrated fluxes for the entire galaxy
and the three regions, we perform a comparison of the SFR,
molecular gas mass and stellar mass on a pixel-by-pixel basis,
using the FUV, Hα, CARMA, and IRAC 3.6 µm maps.
We only take into account those pixels for which all five im-
ages had significant fluxes at a 3σ level. For this, we measure
the mean value and standard deviation outside the main galaxy
in all five images and create masks consisting of those pixels
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Table 5: Results from the modelling with CIGALE.
Region SFR(10 Myr) SFR (100 Myr) M? Mdust
[M yr−1] [M yr−1] [1010 M] [108 M]
Disk 4.8 ± 0.5 0.77 ± 0.08 12.8 ± 0.7 1.7 ± 0.3
Region 1 1.31 ± 0.09 0.21 ± 0.03 3.4 ± 0.2 -
Region 2 1.29 ± 0.06 0.26 ± 0.06 5.9 ± 0.3 -
Region 3 1.4 ± 0.2 0.4 ± 0.2 3.1 ± 0.5 -
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Fig. 4: SED fitting with CIGALE for the disk of UGC 10214.
Fig. 5: Final mask used for the pixel-by-pixel analysis, applied
for illustration to the SFR map obtained from the dust-corrected
FUV emission (see Sect. 4.2).
with fluxes more than three times the standard deviation. The
final mask is shown in Fig. 5. The size of the mask is mainly
restricted by the CO map.
4. Results
4.1. Atomic and molecular gas and dust
4.1.1. Atomic and molecular gas mass and distribution
The molecular gas in the CARMA map shows an asymmetric
distribution. In the eastern part (region 1), the molecular gas has
an elongated distribution with a peak. The molecular gas surface
Fig. 6: Distribution of the HI emission of UGC 10214 (colour)
and the CO(1-0) data from CARMA (contours, ranging from 6
to 14σ in 2σ steps). The ellipse in the lower left corner shows
the resolution of the HI data.
density is highest in this region. In the middle (region 2) and
western part (region 3) there is a double-ring structure of lower
intensity (see Fig. 1). The western-most ring is reflected in the
SFR, clearly seen in the IRAC 8.0 µm, MIPS 24 µm, and Hα
images.
The atomic gas is much more extended than the molecular
gas (Fig. 6). It shows a ridge-like structure from east to west
which is offset to the south from the molecular gas. In the west-
ern end it shows an arc-like structure which coincides with the
western end of the molecular gas distribution.
The total atomic gas mass, (2.21 ± 0.07)×1010 M, see
Tab. 6) is a factor 3.7 higher than the total molecular gas mass
from CARMA,(6.0 ± 0.6)×109 M. This factor is slightly lower
when using the molecular gas mass from the IRAM single-dish
data, (9.0 ± 1.5)×109 M, corresponding to MHI/MH2∼2.5.
4.1.2. Kinematics of the atomic and molecular gas
Figure 7 shows the position-velocity (pv) diagram of HI and
of CO (from CARMA) along the major axis of the disk of
UGC 10214. Both the HI and CO follow a regular velocity dis-
tribution indicating a rotational disk. The HI lines are wider and
their distributions are more extended towards the western side
than the CO.
The high velocity resolution of the IRAM observations pro-
vides additional information about the kinematics of the gas
(Fig. 2). Consistent with the CARMA data, a velocity gradient
from the eastern to the western part of the galaxy is visible in
the IRAM spectra. In addition, the line-shape changes drastically
from a relatively weak single-peak spectrum in the east (position
Article number, page 9 of 17
A&A proofs: manuscript no. tadpole
Fig. 7: Position-velocity diagram of UGC 10214 from the HI
data (colour) and the CO(1-0) data from CARMA (contours),
taken along the major axis of UGC 10214 as in Fig. 3 with a
slice width of 4′′on either side.
Fig. 8: CO(1-0) spectra form the IRAM 30m telescope (red, con-
tinuous line) and from CARMA (grey shaded), together with the
HI emission (blue dashed line) integrated over the entire disk of
the Tadpole galaxy. The HI spectrum contains only the emission
of UGC 10214 (i.e. the emission from VV 29c has been excluded
as described in Sect. 2.5). The HI flux is multiplied by a factor
of 15 for better visibility.
1), to broader, weaker lines in the middle (positions 2, 3, 4, and
8) to a strong peak with a broader, weaker secondary peak in the
west (positions 5, 6, and 7).
Figure 8 shows the HI and CO spectra, integrated over the
entire disk. The HI spectrum extends to slighly higher veloci-
ties, consistent with a more extended disk. The HI spectrum fol-
lows more closely the IRAM spectrum and includes the peak
at 9200 km s−1. The strong peak at 9000 km s−1 visible in the
IRAM spectrum would be lower by a factor of about 2 when
smoothed to the velocity resolution of the CARMA and HI data.
Taking this decrease into account, it is only slightly higher than
the CARMA data. The HI data, on the other hand, shows no in-
dication for a strong emission at this velocity.
4.1.3. Comparison between IRAM and CARMA data
The total molecular gas mass obtained with the IRAM measure-
ments is (9 ± 2) × 109 M, a factor of about 1.5 higher than the
total flux from CARMA. This indicates that some flux (∼30%)
might be missing in the interferometer measurements.
In Table 2 we list the ratio between the molecular gas masses
calculated from the IRAM velocity integrated intensities (from
Eq. 4) and from the CARMA data. For this comparison we mul-
tiply the velocity integrated CARMA map (from Fig. 1) with
a Gaussian beam of FWHM 20′′ (in order to convolve from
the CARMA resolution to the IRAM FWHM) for each position
observed by IRAM and measure the total flux from the result-
ing image. We then calculate the total molecular gas mass from
Eq. 1. The ratio of the CARMA-to-IRAM gas masses spans a
range from 0.4 to 1.3, with the higher values being present in the
eastern part of the galaxy and the lower in the western. This in-
dicates that in the western part some flux might be missing from
the interferometer measurements.
We compare the total CO spectra, integrated over the entire
disk, measured with both CARMA and with the IRAM 30 m in
Fig. 8. The total line widths agree well. At v ∼ 9000 km s−1,
there is a pronounced peak in the IRAM spectrum that is not
seen in the CARMA spectrum due to its lower resolution. The
missing flux seems to come in part from this peak as well as from
the broad velocity feature around 9200 km s−1. Both features are
emitted in the western part of the galaxy (see Fig. 2).
4.1.4. Comparison of ICO(1−0) and ICO(2−1)
To interpret the ratio of ICO(2−1)/ICO(1−0) one has to consider two
main parameters: the source distribution and the opacity. For
optically thick, thermalised emission with a point-like distribu-
tion we expect a ratio ICO(2−1)/ICO(1−0) = (θCO(1−0)/θCO(2−1))2 =
4 (with ICO in TmB and θ being the FWHM of the beams). On
the other hand, for a uniform source brightness distribution we
expect ratios over 1 for optically thin gas, and ratios between
about 0.6 and 1 for optically thick gas (with excitation tempera-
tures above 5 K). Thus, values of ICO(2−1)/ICO(1−0)> 1 indicate a
source distribution with an extension less than θCO(1−0), whereas
ICO(2−1)/ICO(1−0). 0.6 indicates diffuse, subthermally excited gas.
The mean line ratio, averaged over all pointings is
ICO(2−1)/ICO(1−0)= 0.8± 0.2. This value is close to the mean value
found by Leroy et al. (2009) from CO(2-1) and CO(1-0) maps
for nearby galaxies from the SINGS sample (ICO(2−1)/ICO(1−0)∼
0.8) and those from Braine et al. (1993) who obtained a mean
line ratio of ICO(2−1)/ICO(1−0)= 0.89± 0.06 for a sample of nearby
spiral galaxies. Both values are, in contrast to ours, corrected for
beam-size effects. The ratios of the ICO(2−1)/ICO(1−0) of the indi-
vidual pointings are between 1.2±0.4 (position 7) and < 0.6±0.2
(position 5). Although these values are, within the errors, com-
patible with the above mentioned reference values (Leroy et al.
2009; Braine et al. 1993), the low value at position 5 could in-
dicate a subthermal excitation and the presence of diffuse gas
which might be responsible for the broad emission feature in the
spectrum around 9200 km s−1 (Fig. 2).
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4.1.5. Gas-to-dust mass ratio
The CIGALE fitting of the total IR to submm SED of the disk of
UGC 10214 yields a dust mass of Mdust= (1.7 ± 0.3) × 108 M.
The total dust-to-gas mass ratio is thus 180 ± 30, taking the
molecular gas mass from the IRAM measurement. This value
is very close to that of the local Galaxy (Mgas/Mdust= 186, taking
the He fraction of 1.36 into account, Draine et al. 2007, Tab. 2),
in agreement with the similar metallicity.
4.1.6. Atomic and molecular gas in VV29c
As described in Sect. 2.5, we separate the total HI datacube into
the HI emission of VV 29c from that of UGC 10214. We then
derive the total, spatially integrated, HI spectrum from VV 29c
and measure the HI flux by integrating this spectrum over the
velocity range between 9630 and 9800 km s−1. We obtain a to-
tal HI flux of (0.60 ± 0.03) Jy km s−1, and a total HI mass of
(3.5±0.2)×109 M. This value is very close to that found by
Briggs et al. (2001) of 3.1×109 M (including Helium and for
a Hubble constant of 63 km s−1/Mpc).
We do not detect any CO emission from this region and ve-
locity range (see the pv diagram of CO in Fig. 7). We sum the CO
spectra over the same region where HI emission from VV 29c is
detected and determine a 3σ upper limit of 0.6 Jy km s−1, cor-
responding to a molecular gas mass of 1 × 108 M. The molec-
ular gas fraction, MH2 /MHI < 0.03, is thus much lower than for
UGC 10214, and typical for a dwarf galaxy.
4.2. Star formation rate
Both Hα and FUV are SF tracers, albeit sensitive to differ-
ent timescales. Whereas Hα, produced by ionising stars, traces
the current SFR (up to ∼10 My), the FUV emission is emitted
mainly by less massive stars with life-times of up to ∼100 Myr.
The exact values of these timescales are uncertain and depend
strongly on the SF history (see Sect. 5.1 for a discussion). In the
following we refer to the timescale traced by the FUV as the “re-
cent” SFR, as opposed to the “current” SFR traced by Hα. Both
tracers are very sensitive to dust extinction. We therefore use hy-
brid tracers, combining them with the dust re-emission at 24 µm,
in order to also take into account the dust-obscured SF.
We use the prescriptions in Tables 1 and 2 of Kennicutt &
Evans (2012) (taken from Kennicutt et al. 2009; Hao et al. 2011;
Murphy et al. 2011) to derive SFRs, giving:
log SFRHα
[
Myr−1
]
= log(L(Hα)+0.020L (24 µm))−41.27, (7)
log SFRFUV
[
Myr−1
]
= log(L(FUV) + 3.89L (24 µm)) − 43.35,
(8)
where the luminosities are in units of erg s−1 and L(24 µm)
and L(FUV) are calculated from the fluxes Fλ as L(λ) =
4piD2λFλ. We assume, following Hao et al. (2011), that IRAS
25 µm and MIPS 24 µm luminosities can be used interchange-
ably for this estimation. The SFRs are calculated for a Kroupa
Initial Mass Function (IMF, Kroupa 2001) which is very similar
to the Chabrier IMF used in the CIGALE modelling.
With these prescriptions, we produce maps for the SFR.
Fig. 9 shows the resulting maps, overlaid with contours of the
CARMA CO image. A striking result is the different distribu-
tions of the SFRs based on Hα and FUV. Whereas SFRFUV
shows peaks in the east and along the western spiral arm, SFRHα
has a pronounced maximum in the centre. The ridge towards the
east and the western spiral arm are also visible in SFRHα but are
fainter than the centre. The eastern ridge of SFRFUV is closely
followed by the CO emission which extends until the peak of
SFRHα in the centre. The western part of the spiral arm is also
followed by the CO and also by HI (see Fig. 6).
(a)
(b)
Fig. 9: CO contour levels (ranging from 6 to 14σ in 2σ steps)
over the maps of (a) SFRFUV and (b) SFRHα.
Finally, based on the fluxes from Table 3 we calculate the
SFR for each region as well as for the entire disk which are
listed in Tab. 6. The SFR from the combination of Hα+24 µm
(SFRHα) is always higher (by a factor of about 2 – 4) than the
SFR derived from FUV+24µm (SFRFUV). The difference is more
pronounced in the centre (region 2). This trend is also seen in
the modelling results with CIGALE (Tab. 5) where the values
for the current SFR (SFR10Myr which corresponds to the time-
scale of Hα) are considerably higher (factor 3.5− 6) than for the
SFR in the past 100 Myr, SFR100Myr. The values for SFRHα and
SFR10Myr generally agree very well (expect for region 1), but the
values for SFRFUV are a factor of 1.5 − 2 higher than SFR100Myr.
A reason for this discrepancy might be that the time-scale for the
FUV traced SFR is on the order of several tens to 100 Myr (see
Sect. 5.1), so that SFRFUV traces a somewhat shorter time than
SFR100Myr. In the case of a decreasing SFR, as modelled here, the
SFR averaged over a shorter timescale results in a higher value.
In any case, both methods for deriving the SF history indicates
that the SFR has been increasing in the recent past.
In Table 6 we also list the molecular gas mass (from Eq. 1)
for the different regions and the resulting molecular gas deple-
tion time, τdep= MH2 /SFR. The current molecular gas depletion
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time (from SFRHα) is very close to the value found by Bigiel
et al. (2011), and the molecular gas depletion time from SFRFUV
is a factor ∼2 lower. The variations of τdep between the different
regions are less than a factor 2 with a trend of having a shorter
τdep in the western side (region 3).
4.3. Stellar mass
The IRAC 3.6 µm emission is a good tracer of the low-mass
stars which dominate the total stellar mass. We therefore use the
3.6 µm emission as a tracer for the stellar mass, following as a
starting point the calibration by Oliver et al. (2010) for the mor-
phological type of UGC 10214 (Sb(s)c, according to the NASA
Extragalactic Database), M?[M] = 27.6 L(3.6 µm)[L]. This
calibration is based on a Salpeter IMF, and we apply a correc-
tion factor of 0.626 to convert this expression to a Chabrier IMF
and to achieve agreement with the stellar mass from CIGALE
for the entire disk. Thus, we calculate the stellar mass as:
M?
M
= 14.5 × L(3.6 µm)
L
. (9)
Based on the fluxes from Table 3 we calculate the stellar
mass for each region as well as for the entire disk (Table 6).
These values for M? for region 1–3 agree within the errors with
those calculated with CIGALE (Table 5) showing that the sim-
ple prescription of Eq. 9 is a good approximation. In the central
region of the galaxy (region 2), the stellar mass is higher and the
specific SFR, sSFR = SFR/M?, is lower, in particular when con-
sidering SFRFUV. The highest values of sSFR are in the western
part, both for SFRFUV and for SFRHα.
4.4. Pixel-by-pixel analysis of star formation and gas
4.4.1. The Kennicutt-Schmidt law
Figure 10 shows the SFR per area as a function of the surface
density of the molecular gas (the Kennicutt-Schmidt relation),
for the individual pixels in the images. We show the relation for
both SFRHα and SFRFUV for region 1, region 2, and region 3
separately. We furthermore indicate the distance from the centre
as the colour coding.
The most striking result is that ΣSFRHα is systematically
higher than ΣSFRFUV for a given molecular mass surface density.
This effect has already been seen in the global and regional anal-
ysis (Sect. 4.2) and indicates a higher current SFR, traced by Hα,
compared to the recent SFR, traced by FUV. The pixel-to-pixel
analysis shows that this trend is present over the entire disk, and
that it is particularly pronounced in region 2 (the central region)
where the molecular depletion time, τdep, is about 0.8–0.9 dex
lower for SFRHα than for SFRFUV. The difference in the other
regions is less pronounced (∼0.4 dex).
In regions 1 and 3, the relation between ΣSFR and Σmol have
similar shapes for the FUV and Hα traced SFRs, the only dif-
ference being the systematically higher values for ΣSFRHα . This
means that the increase in the current SFR has taken place over
the entire galaxy. The mean molecular gas depletion times are
slightly lower (by 0.2 dex) in region 3 than in region 1, both for
SFRHα and for SFRFUV. In region 2, the situation is different.
Whereas ΣSFRHα shows a roughly linear increase with Σmol, the
relation of ΣSFRFUV with Σmol is flat which means that the molec-
ular depletion time, τdep, FUV, changes systematically as a func-
tion of Σmol and as a function of distance to the centre. Whereas
at large central distance, τdep, FUV is similar to the values in re-
gion 1 and 3, closer to the centre τdep, FUV≈ 10 Gyr.
The mean values for the molecular depletion times, averaged
over all pixels, are τdep, FUV= 6.9 Gyr (with a standard deviation
of 2.5 Gyr) and τdep, Hα= 2.4 Gyr (with a standard deviation of
1.0 Gyr). The depletion time from Hα is very similiar to the re-
sult of Bigiel et al. (2011) from a spatially resolved analysis of
30 spiral galaxies based on FUV+24µm as a SFR tracer (τdep=
2.35 Gyr with a dispersion of 0.24 dex), whereas τdep, FUV is a
factor of 2.9 longer (0.46 dex below). Possibly, the long τdep, FUV
reflects the changes in the SF history rather than indicating a low
star formation efficiency (SFE, the inverse of the gas depletion
time) because the molecular gas that we observe is related to the
current SFR (traced by Hα) and not to the SF several tens of Myr
ago.
4.4.2. SFR and stellar mass
Figure 11 shows the surface density of SFRFUV, and SFRHα, as
a function of stellar mass surface density for the three regions,
colour-coded with the radial distance from the centre. Overlaid
as a pink ellipsoid is the spatially resolved (on kpc scale) MS
found by Ellison et al. (2018) for a sample of 1390 star-forming
galaxies from the Sloan Digital Sky Survey Mapping Galaxies
at Apache Point Observatory (MaNGA) survey. Similar to the
results from the previous section we find that (i) ΣSFRFUV is sys-
tematically lower than ΣSFRHα for a given ΣM? , (ii) the relation
between ΣSFR and ΣM? has a similar shape for the FUV and Hα-
traced SFRs in regions 1 and 3, but not in region 2 where the
FUV relation is much flatter and (iii) the ratio ΣSFRFUV /ΣSFRHα is
particularly low in the central region.
In addition to these results, we can draw further conclusions
from a more detailed comparison of ΣSFR with ΣM? and in partic-
ular with the MS found for SF galaxies. The Hα-traced relation
falls almost entirely within the range of the MS found by Elli-
son et al. (2018). Only the most central regions lie outside, but
these fall outside the stellar surface density range covered by the
Ellison et al. (2018) sample so that a direct comparison is not
possible. The situation is different for the FUV-traced relation.
In region 2 almost all pixels, except those at the largest radial
distances, have ΣSFRFUV below the MS-value for the correspond-
ing ΣM? . Also in region 1 the innermost pixels are slightly below
the MS. In region 3, all pixels lie within the MS. Here, the sSFR
(ΣSFRFUV /ΣM? ) is about a factor 2 higher than in region 1.
Taken together, these results indicate that UGC 10214 is cur-
rently forming stars at a rate corresponding to MS galaxies, in
practically the entire galaxy. For the recent SFR, traced by FUV,
the picture is more heterogenous. Whereas the SF in region 3
is totally within the MS, and in region 1 slightly below the MS
for the innermost points, it is well below the MS in region 2,
indicating a supression of the SF especially in the central part.
5. Discussion
5.1. Timescale of the SF tracers
Our data set and analysis have revealed very noticeable differ-
ences between the values and the distribution of the Hα and
FUV traced SFRs which are likely due to temporal changes in
the SFR. The exact timescales over which each tracer probes the
SFR are difficult to quantify. They depend on the definition of
this timescale and on the SF history. Boquien et al. (2014) inves-
tigated this issue for different SF histories and found that the Hα
emission, produced byionising stars, has a luminosity-weighted
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Table 6: Values of SFR, M?, MH2 , sSFR, and molecular gas depletion time estimated for the disk and the three disk regions.
Band Total Reg 1 Reg 2 Reg 3
SFRFUV [M yr−1 ] 1.66 ± 0.17 0.44 ± 0.04 0.47 ± 0.05 0.61 ± 0.06
SFRHα [M yr−1 ] 4.73 ± 0.19 1.11 ± 0.05 1.90 ± 0.07 1.49 ± 0.06
M? [109 M] 128 ± 13 32 ± 3 64 ± 6 28 ± 3
MH2 [10
9 M] (CARMA) 6.0 ± 0.6 1.9 ± 0.2 2.4 ± 0.2 1.7 ± 0.2
MH2 [10
9 M] (IRAM) 9.0 ± 1.5
MHI [109 M] 22.1±0.7 - - -
sSFR (FUV) [10−12 yr−1] 13 ± 3 14 ± 3 7.3 ± 1.5 22 ± 4
sSFR (Hα) [10−12 yr−1] 36 ± 5 35 ± 5 30 ± 4 53 ± 8
τdep
a (FUV) [Gyr] (CARMA) 3.6 ± 0.7 4.4 ± 0.9 5.1 ± 1.0 2.8 ± 0.6
τdep
a (FUV) [Gyr] (IRAM) 5.4 ± 1.4
τdep
a (Hα) [Gyr] (CARMA) 1.3 ± 0.2 1.75 ± 0.25 1.3 ± 0.2 1.1 ± 0.2
τdep
a (Hα) [Gyr] (IRAM) 1.9 ± 0.4
Notes. (a) Molecular gas depletion time τdep= SFR/MH2 .
age of those stars that are contributing to Hα of 2-4 Myr (for a
constant SFR during the past 100 Myr or 1 Gyr). The luminosity-
weighted age of the FUV emission is longer, ∼15 Myr, for a con-
stant SFR during the past 100 Myr, and 50 Myr for a constant
SFR during the past Gyr. Adopting as the timescale the moment
when an instantaneous burst is down to 10% of its initial lumi-
nositynone obtains a timescale for the FUV of 100 Myr and for
the Hα emission of 10 Myr (Kennicutt & Evans 2012, their Tab.
2).Thus, whereas the timescale for the Hα emission is always ≤
10 Myr, the timescale for the FUV depends on its definition and
on the SF history and can take values between several tens of
Myr to 100 Myr.
We use hybrid SF tracers by including the 24 µm emission,
thus the 24 µm timescale has also to be taken into account. Bo-
quien et al. (2014) derived luminosity averaged ages of the total
infrared (TIR) luminosity of 15 Myr (for a constant SFR over the
past 100 Myr) and of 100 Myr (for a constant SFR over the last
Gyr) which is similar to the timescale of the FUV. The 24 µm
emission, emitted mostly from very small dust grains heated by
massive stars might have a shorter timescale. Thus, the timescale
of the hybrid Hα+24 µm emission might be longer than that of
Hα alone. However, the 24 µm emission contributes only 20%
or less (depending on the region) to SFRHα, so that we do not
expect it to have a large effect on the timescale. The timescales
of the FUV and 24 µm are (within the uncertainties) similar.
We therefore conclude that the Hα+24 µm emission
traces the current SFR on a timescale of . 10 Myr, whereas
FUV+24 µm traces the recent SFR on a timescale of several tens
of Myr.
5.2. The effect of the minor interaction on UGC10214
The interaction with the dwarf galaxy VV 29c has had a very no-
ticeable effect on the morphology of UGC 10214. A long tidal
tail has formed, containing a large fraction of the atomic gas
(∼40%) as well as bright young stellar clusters. In addition, the
morphology of the stellar disk is disturbed and the gas distribu-
tion, both atomic and molecular, is asymmetric.
Our data set and analysis have revealed very noticeable
changes of the distribution and rate of the SF in the past tens of
Myr. After a period of suppressed SF in the central region several
tens of Myr ago, the SFR has increased globally and changed its
location from the outer spiral arms where bright knots are visi-
ble in the FUV and 24 µm emission to the centre where the most
active SF is currently taking place.
Have these changes of the SF rate and distribution been
caused by the minor interaction? Following Tran et al. (2003),
we can estimate when the tail forming event took place, by di-
viding the length of the tidal tail (∼100 kpc) by the expected gas
ejection velocity, which we adopt as similar to the galaxy rota-
tion velocity (about 400 km s−1 from the HI), yielding ∼250 Myr.
Thus, from a timescale point of view, the minor interaction might
very well have caused the changes in the SF activity. The pres-
ence of star clusters, some of them being very bright (see the su-
percluster found and analysed by Tran et al. 2003) in the disk and
tail, that are younger than this dynamical timescale also suggests
that their formation has possibly been triggered by the event. The
minor merger is very likely responsible for the unusual distribu-
tion of the SF in the disk, with bright SF knots, visible in 8 µm,
24 µm , and FUV in the spiral arms. The ring-like structure in the
western arm might indicate, as suggested by Jarrett et al. (2006),
that the interaction was an off-centre collisional interaction. The
current (moderate) increase in the SF in the centre, visible in Hα,
might have been caused by a gas flow towards the centre. The
thin CO filament connecting the eastern side to the nucleus, visi-
ble in the CARMA map, is a hint for this, together with the broad
IRAM CO spectra (widths of 500 km s−1) at the corresponding
positions 2 and 3.
The gas properties, on the other hand, do not seem to be con-
siderably affected by the past interaction. The pv diagram show
a regular rotation curve with no indication of a major perturba-
tion, even though at the higher velocity resolution of the IRAM
spectra, the line shapes are unusual at some positions. The fact
that the average Hα-based molecular gas depletion time is nor-
mal fits into this picture and shows a galaxy in which the star
formation seems to proceed in the same way as in undisturbed
spiral galaxies.
5.3. Evolutionary phase of UGC10214
UGC 10214 is a massive galaxy, close to the upper end of the
mass distribution of galaxies. Our multi-wavelength data set al-
lows us to determine its evolutionary stage it is and make predic-
tions about its future evolution.
In order to determine the location of UGC 10214 on the
galaxy MS, we compare its SFR and stellar mass to a sample
consisting of 12 006 SDSS galaxies with M? > 1010 M used
Article number, page 13 of 17
A&A proofs: manuscript no. tadpole
Fig. 10: SFR per area versus molecular gas surface density (Kennicutt-Schmidt relation) for different regions in the disk of
UGC 10214. The upper row shows the SFR derived from FUV and 24 µm emission, SFRFUV, and the lower row the SFR de-
rived from the Hα and 24 µm emissions, SFRHα. The pixels in the separate panels correspond to the different regions shown in
Fig. 1. The dashed grey lines represent different molecular gas depletion times. The dashed red line represents the depletion time
estimated for star-forming galaxies (2.35 Gyr, Bigiel et al. 2011) and its dispersion (0.23dex), represented by the pink-shaded area.
The colour of the markers of the different regions indicates the distance to the galaxy centre.
in Saintonge et al. (2016) as the parent distribution for their
COLDGASS study. This mass range is adaquate for our ob-
ject which is important because the relation between SFR and
M? flattens considerably above galaxy masses of about 1010 M,
(Noeske et al. 2007; Schreiber et al. 2016), i.e the SFR per stel-
lar mass is decreasing for high stellar masses. The reason for
this flattening is not clear. We find from a comparison to Fig. 1
and Eq. 5 of Saintonge et al. (2016) that UGC 10214 falls into
the range of MS SF galaxies, with SFRFUV lying right on the
MS and SFRHα a factor 2.5 above. Thus, in spite of the minor
merger, UGC 10214 has a SFR that is normal for its mass.
The extinction-corrected optical colour u′ − r′ (see Table. 7),
corrected for internal extinction, locates UGC 10214 in the mid-
dle of the green valley (Alatalo et al. 2014; Schiminovich et al.
2007). This apparent contradiction (lying on the star-forming
MS but at the same time in the optical green valley) has its expla-
nation most likely in the high stellar mass of UGC 10214 and is
not unusual. Cortese (2012) found that red spirals, selected based
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Fig. 11: SFR per area versus stellar mass surface density for different regions in the disk of UGC 10214. The upper row shows the
SFR derived from the FUV and 24 µm emissions, SFRFUV, and the lower row the SFR derived from the Hα and 24 µm emission,
SFRHα. The pixels in the separate panels correspond to the different regions shown in Fig. 1. The colour of the markers of the
different regions indicates the distance to the galaxy centre. For comparison the pink ellipse shows the location of the resolved MS
from Ellison et al. (2018).
on their optical colours were not quiescent but formed stars at a
normal (> 1 M yr−1) rate and showed UV-optical colours typi-
cal for the blue cloud. They concluded that at high stellar masses,
optical colours do not allow to distinguish between actively SF
and quiescent objects. This is also the case for UGC 10214 which
has relatively red optical colours due to the bulk of stars formed
in earlier times which dominate the optical colors independent of
the present SFR. The low sSFR (see Tab. 6) reflects this as well.
Additionally, the minor merger which has most likely produced
an increase in the SFR in the past might have moved UGC 10214
from below right on the starforming MS.
Thus, UGC 10214 is a massive spiral galaxy with a normal
SFR and molecular depletion time. As discussed in the previ-
ous section, the minor merger has most likely caused a moder-
ate increase of the SFR but has not perturbed the gas signifi-
cantly. The total gas fraction (Mgas/M?) and molecular gas frac-
tion (MH2 /MHI) are normal for a galaxy of its mass (see Sain-
tonge et al. 2016). The gas reservoir is enough to continue SF
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Table 7: Optical, IR colours and mass ratios of UGC 10214
u′corra 2.73 mJy
r′corra 18.43 mJy
(u′ − r′)corr 2.1 mag
MH2 /MHI 0.40 ± 0.07
MH2 /M? 0.07 ± 0.01
Mgas/M? 0.24 ± 0.02 (0.34 ± 0.02)b
Notes. (a) Corrected for Galactic extinction and internal extinction from
CIGALE. (b) Including the atomic masses of the disk and the tails (1.2 ×
1010 M) (Knierman et al. in prep.)
for another 5 – 10 Gyr with increasing stellar mass significantly
in the future.
6. Summary and conclusions
We present a multiwavelength analysis of the disk galaxy
UGC 10214 that has experienced a minor interaction with the
dwarf galaxy VV 29c about 250 Myr ago. These data allow
us to measure the total atomic gas mass, dust mass, molecular
gas mass and surface density, the SFRs on different time-scales
(based on the Hα and FUV emissions) and the stellar mass. In
addition, we carry out SED fittings with CIGALE for the en-
tire disk and for three different regions. Our results can be sum-
marised as the following:
– UGC 10214 is a massive galaxy, M?= (1.28 ± 0.13) ×
1011 M, with a moderate current SFR, SFRHα=
(4.67 ± 0.19) M yr−1.
– We measure the total atomic, (2.21 ± 0.07) × 1010 M, and
molecular, (9.0 ± 1.5) × 109 M, gas mass of UGC 10214.
The molecular gas fraction, MH2 /MHI = 0.40 ± 0.07, shows
that UGC 10214 is a molecular gas rich galaxy. The total gas
fraction, Mgas/M? = 0.2±0.03, and the gas-to-dust mass ratio
is 180 (including He), similar to the Milky Way value.
– We measure the atomic gas mass of the companion dwarf
galaxy VV 29c, (3.5 ± 0.2) × 109 M. We do not detect any
CO emission at the position and velocity of VV 29c with an
upper limit of the molecular gas mass as 108 M. The molec-
ular gas fraction in this object is thus low (< 0.03) which is
typical for a dwarf galaxy.
– The molecular and atomic gas have an irregular distribution
over the disk of UGC 10214. The general gas kinematics,
on the other hand, shows a regular rotation pattern with no
visible indications of major perturbations.
– The comparison of the SFR derived from the FUV, SFRFUV,
and from the Hα emission, SFRHα, reveals that the distri-
bution of the SF has changed drastically in the recent past.
Whereas SFRFUV is concentrated in the outer spirals arms,
SFRHα shows a pronounced peak in the centre. This shows
that there has been a shift of the SFR from the outer disk to
the centre in the past 10–100 Myr.
– The SFR has increased globally by a factor of 2–3 in the re-
cent past. This increase has been particularly strong in the
centre (factor of ∼4) where a peak in the current star for-
mation is found. Whereas the current SFR lies everywhere
within the spatially resolved MS, the recent, FUV-derived
SFR, in the central regions is below the MS.
– The current molecular gas depletion time, τdep, Hα, averaged
over the entire disk, is (1.9 ± 0.4) Gyr, similar to the mean
value found for spiral galaxies.
– The optical show that UGC 10214 is in the optical green val-
ley but its SFR follows the galaxy SF main sequence. The
most likely reason for this apparent discrepancy is the high
stellar mass which dominates the optical colors.
These results show that UGC 10214 is a massive spiral
galaxy with a normal (with respect to its stellar mass) SFR and
a normal molecular gas depletion time. The minor merger has
most likely caused variations in the SFR during the past ∼Myr
and a moderate increase in the SFR. It does not seem to have
perturbed the gas significantly at the present time.
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